
CHAPTER II
T H E O R E T I C A L  B A C K G R O U N D  A N D  L I T E R A T U R E  R E V I E W

2 . 1  B i o d i e s e l

B io d ie s e l  c a n  b e  c h e m ic a l ly  d e f in e d  a s  a  fu e l c o m p o s e d  o f  m o n o - a lk y l  
e s te r s  o f  lo n g  c h a in  fa tty  a c id s  d e r iv e d  f ro m  r e n e w a b le  s o u rc e s , s u c h  a s  v e g e ta b le  
o i ls  a n d  a n im a l  fa ts  ( B o r g e s  a n d  D ia z , 2 0 1 2 ) . T h e  s tru c tu ra l  f o r m u la  o f  b io d ie s e l  is 
s h o w n  iu  F ig u re  2 .1 .

O  H
R - C - O - C - H

H

F i g u r e  2 . 1  S tru c tu ra l  f o r m u la  o f  b io d ie s e l .

F ro m  F ig u re  2 .1 ,  R  r e p r e s e n ts  a  c h a in  o f  c a r b o n  a to m s  w i th  h y d ro g e n  a to m s  
a t ta c h e d . T h e  d if fe re n c e  o f  R  in  th e  s t r u c tu r e  r e s u lts  in  d if f e re n c e  o f  f a t ty  a c id  m e th y l  
e s te r  th a t le a d s  to  m a k e  d i f f e r e n t  p r o p e r t ie s  o f  b io d ie s e l .  R  c a n  b e  C |4 to  C 24.

B io d ie s e l ,  a  r e n e w a b le  fu e l w i th  s im ila r  c o m b u s t io n  p r o p e r t ie s  to  fo s s i l  
'd ie s e l ,  is  n o rm a l ly  p r o d u c e d  b y  t r a n s e s te r i f ic a t io n  o f  h ig h ly  r e f in e d  o i ls  w i th  s h o r t -  
c h a in  a lc o h o ls .  B io d ie s e l c a n  s ig n if ic a n t ly  d e c re a s e  th e  e x h a u s t  e m is s io n  o f  C O , S O x 
a n d  u n b u r n e d  h y d ro c a rb o n s  f ro m  m o to r  v e h ic le s  ( C la r k  et al. , 1 9 8 4 ).

T o d a y  b io d ie s e l f u e ls  h a v e  b e e n  in  c o m m e r c ia l  u se  in  m a n y  c o u n t r ie s ,  
in c lu d in g  A u s t r ia ,  C z e c h  R e p u b ic ,  G e rm a n y , F ra n c e , I ta ly , S lo v a k ia ,  S p a in , a n d  
U S A  fo r  u p  to  2 0  y e a rs . B io d ie s e l  is e i th e r  u s e d  in  p u re  f ro m  o r  a s  b le n d s  w ith  d ie s e l  
fu e l, w h ic h  in  c o n tr a s t  to  n e a r  v e g e ta b le  o i l /d ie s e l  b le n d s  -  a r e  s ta b le  in  a n y  
c o n c e n t r a t io n .  C o n s e q u e n t ly ,  s w i tc h in g  f ro m  o n e  ty p e  o f  fu e l to  th e  o th e r  o r  to  a  
b le n d  o f  b o th  d o e s  n o t p o s e  a n y  p r o b le m s  to  th e  e n g in e  (A u s tr ia n  B io f u e ls  I n s t i tu te ,
2 0 0 3 ) . T h e  a d v a n ta g e s  a n d  d i s a d v a n ta g e s  o f  b io d ie s e l  c o m p a re d  to  d ie s e l  a re  s h o w n  
in  T a b le  2 .1 .
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T a b l e  2 . 1  B io d ie s e l  a d v a n ta g e s  a n d  d i s a d v a n ta g e s  c o m p a re d  to  d i e s e l ( A u s t r i a n  
B io f u e ls  I n s t i tu te ,  2 0 0 3 )

A d v a n t a g e s D i s a d v a n t a g e s

• D o m estica lly  p rod uced  from  noil- • U se o f  b lends above  B5 no t yet
p e tro h iem , ren ew ab le  reso u rces ap p ro v ed  by .m any au to  m akers

• C an be used in m ost d iese l eng ines, • L o w er fuel econom y and  p o w er
esp e c ia lly  new er ones ( 10%  low er for B 100, 2 %  for B 20)

• L ess a ir  po llu tan ts  (o th e r  than • C u rren tly  m ore ex p e n s iv e
n itrogen  ox ides) • B 100 g en era lly  not su itab le  for use

• L ess g reen h o u se  gas em iss io n s in low  tem p era tu res
(e .g ., B 20  reduces C 0 2 by 15%) • C o n c e rn s  about B 100's im p ac t on

• B io d eg rad ab le en g in e  du rab ility
• N o n -to x ic • S ligh t increase  in n itro g en  ox ide
• S afe r to  handle e m iss io n s  possib le  in som e 

c ircu m stan ces

2 . 2  F a t s  a n d  o i l s

2 .2 .1  T ra d i t io n a l  R a w  M a te r ia ls
A  v e g e ta b le  o il is a  t r ig ly c e r id e  e x t r a c te d  f ro m  a  p la n t .  S u c h  o i ls  h a v e  

b e e n  p a r t  o f  h u m a n  c u l tu re  fo r  m il le n n ia .  T h e  te rm  " v e g e ta b le  o il"  c a n  b e  n a r r o w ly  
d e f in e d  a s  r e f e r r in g  o n ly  to  s u b s ta n c e s  th a t  a re  l iq u id  a t ro o m  te m p e ra tu re  o r  b ro a d ly  
d e f in e d  w i th o u t  re g a rd  to  a  s u b s ta n c e 's  s ta te  o f  m a t te r  a t  a  g iv e n  te m p e r a tu r e .  T y p ic a l  
f a t ty  a c id s  c o m p o s i t io n s  f o u n d  in  s e v e ra l v e g e ta b le  o i ls  a re  s u m m a r iz e d  in  T a b le  2 .2  
( D e m ir b a s ,  2 0 0 8 ) .
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T a b l e  2 . 2  T y p ic a l  f a tty  a c id  c o m p o s i t io n  (% )  fo r  d i f f e r e n t  c o m m o n  o il  s o u rc e  
( D e m ir b a s ,  2 0 0 8 )

S a m  p i e 1 6 : 0 1 6 :1 1 8 : 0 1 8 :1 1 8 : 2 1 8 : 3 O t h e r s
C ottonseed 2 8 . 7 0 0 . 9 1 3 . 0 5 7 . 4 0 0
Poppy seed 12.6 0.1 4 . 0 2 2 . 3 6 0 . 2 0 . 5 0
Rapeseed 3 . 5 0 0 . 9 6 4 . 1 2 2 . 3 8.2 0
Safflow er seed 7 . 3 0 1 .9 1 3 . 6 7 7 . 2 0 0
Sunflow er seed 6 . 4 0.1 2 . 9 1 7 . 7 7 2 . 9 0 0
Sesam e seed 13.1 0 3 . 9 5 2 . 8 3 0 . 2 0 0
Linseed 5.1 0 . 3 2 . 5 1 8 . 9 โร. 1 5 5 . 1 0
Palm 4 2 . 6 0 . 3 4 . 4 4 0 . 5 10.1 0.2 1.1
Corn marrow 11.8 0 2.0 2 4 . 8 6 1 . 3 0 0 . 3
T allow 2 3 . 3 0.1 1 9. 3 4 2 . 4 2 . 9 0 . 9 2 . 9
Soybean 1 3 . 9 0 . 3 2.1 2 3 . 2 5 6 . 2 4 . 3 0
H azelnut kernel 4 . 9 0.2 2.6 8 3 . 6 8 . 5 0.2 0
W alnut kernel 7 . 2 0.2 1 .9 1 8. 5 5 6 . 0 1 6 . 2 0
A lm ond kernel 6 . 5 0 . 5 1.4 7 0 . 7 20.0 0 0 . 9
O live kernel 5 . 0 0 . 3 1.6 7 4 . 7 1 7 . 6 0 0.8

2 .2 .7 . /  Rapeseed Oil
R a p e s e e d  o il w a s  o r ig in a l ly  c h o s e n  fo r  t r a n s e s t e r i f i c a t io n  

e x p e r im e n ts  b y  b io d ie s e l p io n e e r  b e c a u s e  o f  its  lo w  p r ic e  c o m p a re d  to  o th e r  r e a d i ly  
a v a i la b le  v e g e ta b le  o i ls  ( M it te lb a c h ,  1 9 8 9 ). H o w e v e r ,  it s o o n  b e c a m e  a p p a re n t  th a t  
w i th  its  h ig h  c o n te n t  o f  m o n o u n s a tu r a te d  o le ic  a c id  a n d  th e  lo w  le v e ls  o f  b o th  
s a tu ra te d  a n d  p o ly u n s a tu r a te d  a c id s ,  th e  o il is p r a c t ic a l ly  th e  id e a l r a w  m a te r ia l  
r e g a r d in g  c o m b u s t io n  c h a r a c te r i s t ic s ,  o x id a t iv e  s ta b i l i ty  a n d  c o ld  te m p e r a tu r e  
b e h a v io r .  D u e  to  its  f a v o ra b le  p r o p e r t ie s ,  r a p e s e e d  o i l  s t i l l  is th e  f e e d s to c k  o f  c h o ic e  
in  m o s t  E u r o p e a n  c o u n t r ie s ,  in c lu d in g  th e  w o r ld ’s la rg e s t  b io f u e l  p r o d u c e r s ,  
G e rm a n y  a n d  F ra n c e .
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2.2.1.2 Sunflower Seed Oil
S u n f lo w e r  s e e d  o il ( H e l ia n th u s  a n n u u s )  c o m e s  s e c o n d  in  th e  

lis t o f  v e g e ta b le  o i l  s o u rc e s  f o r  b io d ie s e l  p ro d u c t io n  in  E u ro p e . It is  c u l t iv a te d  in  
S o u th e r n  E u r o p e a n  c o u n t r ie s ,  s u c h  a s  I ta ly , S p a in , a n d  G re e c e , b e c a u s e  h e re  is th e  
s e m i- a r id  c l im a te s  p re v e n t  h ig h  o il y ie ld s  f o r  r a p e s e e d . A c c o rd in g  to  th e  E u r o p e a n  
b io d ie s e l  s ta n d a r d  (E N  1 4 2 1 4 ) , p u re  s u n f lo w e r  o il m e th y l e s te r  c a n n o t  b e  u s e d  a s  a 
fu e l fo r  b io d ie s e l  e n g in e s ,  a s  it e x c e e d s  th e  l im it  fo r  io d in e  v a lu e  s e t  a t  <  1 2 0  g  
I2/1 0 0 g .  M o r e o v e r ,  u n a d d i t iv a te d  s u n f lo w e r  o il fu e ls  w ill a ls o  g iv e  p o o r  r a t in g  fo r  
o x id a t iv e  s ta b i l i ty

2.2.1.3 Soybean Oil
S o y b e a n  o i l  (G ly c in e  m a x )  is th e  m o s t p o p u la r  b io d ie s e l  

f e e d s to c k  in  th e  U S A , a n d  it is  b y  fa r  th e  m o s t  f re q u e n t ly  p ro d u c e d  v e g e ta b le  o il 
w o r ld - w id e ,  m a in ly  d u e  to  th e  u t i l iz a t io n  o f  s o y b e a n  m e a l a s  a  p r o te in  fo d d e r .  
S im i l a r  to  s u n f lo w e r - o i l  r e g a r d in g  its  fa tty  a c id  c o m p o s i t io n ,  s o y b e a n  o il d is p la y s  
io d in e  v a lu e s  o f  1 2 1 -1 4 3  g  U /lO O g . T h e r e fo re ,  E N  1 4 2 1 4  e x c lu d e s  p u re  s o y b e a n  o il 
m e th y l  e s te r  f ro m  s e rv in g  a s  a  fu e l, a l th o u g h  th is  r e g u la t io n  is  h ig h ly  d i s p u te d  b y  
m a n y  e x p e r ts .

2.2.1.4 Palm oil
T h e  o i l  p a lm  (E la e is  g u in e e n s is )  p la y s  an  im p o r ta n t  ro le  fo r  

b io f u e l  p r o d u c t io n  in  S o u th  A s ia .  V a r io u s  p a r ts  o f  th e  p a lm  f ru i ts  c a n  b e  u t i l i z e d  fo r  
o i l  p r o d u c t io n  f o r  h u m a n  c o n s u m p t io n  a n d  in d u s tr ia l  a p p l ic a t io n . T h e  m e s o c a r p  o f  
th e  f ru i t  y ie ld s  p a l n r o i l ,  w h ic h  is  c h a r a c te r iz e d  b y  h ig h  a m o u n ts  o f  m e d iu m - c h a in  
s a tu ra te d  ( p a lm i t ic  a c id )  a n d  m o n o u n s a tu r a te d  (o le ic  a c id )  f a tty  a c id s .

T h e  m a in  a d v a n ta g e s  o f  p a lm  o il a re  o u ts ta n d in g ly  h ig h  
h e c ta re  y ie ld  a n d  m o d e ra te  w o r ld - m a r k e t  p r ic e s  c o m p a re d  to  o th e r  e d ib le  v e g e ta b le  
o i ls .  I f  b io d ie s e l  f u e ls  a re  to  b e  e c o n o m ic a l ly  c o m p e t i t iv e  w i th  fo s s il d ie s e l ,  e v e n  in  
th e  a b s e n c e  o f  ta x  c o n c e s s io n  p r o g ra m s ,  p r o d u c t io n  c o s ts  h a v e  to  b e  k e p t  lo w . T h is  
p o s e s  c o n s id e r a b le  d i f f ic u l ty  w i th  m o s t  o th e r  h ig h ly  r e f in e d  v e g e ta b le  o i ls ,  w h ic h  
c o u ld  a ls o  b e  u t i l i z e d  fo r  f o o d  p u rp o s e s .  T h e  o il p a lm , h o w e v e r ,  is  a  lo w - v a lu e  
c o m m o d ity  c r o p  (M u rp h y , 2 0 0 3 ) ,  so  th a t  th e  p r o d u c t io n  o f  b io d ie s e l  f ro m  p a lm  o il 
m a k e s  s e n s e  f ro m  a n  e c o n o m ic  p o in t  o f  v ie w . N e v e r th e le s s ,  its  h ig h  c o n te n ts  o f  
s a tu ra te d  fa t ty  a c id ,  le a d in g  to  u n a c c e p ta b ly  h ig h  v a lu e s  fo r  c o ld  f i l te r  p lu g g in g  p o in t
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( + 1 1°C ) a n d  c lo u d  p o in t  (+ 1 3 ° C ) , p re v e n t  w in te r  o p e ra t io n  o n  n e a t p a lm  o il  m e th y l 
e s te r s  in  te m p e r a te  c l im a te s .  M o r e o v e r ,  h ig h  c o n te n t  o f  f re e  fa tty  a c id s  in  th e  
f e e d s to c k  c a u s e  p r o b le m s  in  t r a d i t io n a l  a lk a li  c a ta ly z e d  b io d ie s e l  p r o d u c t io n  a n d  th u s  
n e c e s s i ta te  d e c id i f ic a t io n  o r  a c id  c a ta ly z e d  p r e - e s te r i f i c a t io n  s te p s .

2 .2 .2  N o n - e d ib le  O ils
O n e  w a y o f  r e d u c in g  th e  p ro d u c t io n  c o s ts  fo r  b io d ie s e l  fu e ls  i s  th e  u s e  

o f  n o n - e d ib le  o i ls ,  w h ic h  te n d  to  b e  c o n s id e ra b ly  c h e a p e r  th a n  e d ib le  v e g e ta b le  o i ls  
( S r iv a s ta v a  a n d  P ra s s a d ,  2 0 0 0 ) .  A  n u m b e r  o f  p la n t  o i ls  c o n ta in  s u b s ta n c e s  w h ic h  
m a k e  th e m  u n s u i ta b le  fo r  h u m a n  c o n s u m p t io n .  In  s o m e  c a s e s  th e s e  s u b s ta n c e s  c a n  
b e  r e m o v e d  b y  r e f in in g .

2.2.2.1 Castor Oil
C a s to r  ( R ic in u s  c o m m u n is )  is k n o w n  a s  a  h o u s e  p la n t , 

a l th o u g h  its  s e e d s  c o n ta in  r ic in ,  a  h ig h ly  to x ic  le c tin . D u r in g  o il r e c o v e r y  r ic in  
r e m a in s  w i th in  th e  p r e s s  c a k e . N e v e r th e le s s ,  th e  r e c o v e re d  o i l  is  n o t f i t  f o r  n u t r i t io n a l  
p u r p o s e s  d u e  to  i ts  la x a t iv e  e f f e c t  ( R o th  a n d  K o rm a n n , 2 0 0 0 ) .  C a s to r  o il e th y l  e s te r  
a r e  c u r r e n t ly  b e in g  d i s c u s s e d  a s  a  p r o m is in g  a l te rn a t iv e  fu e l in  B ra z i l  (D e  O l iv e i r a  et 
al., 2 0 0 1 ).

2.2.2.2 Physic Nut Oil
P h y s ic  n u t  ( J a t ro p h a  c u r c u s )  o il c a n n o t  b e  u s e d  f o r  fo o d  

p u rp o s e s  b e c a u s e  o f  its  c o n te n t  o f  to x a lb u m in e  c a l le d  “ c u r c in e ”  a n d  th e  p r e s e n c e  o f  
v a r io u s  to x ic  p h o r b o l  e s te r ,  f o r  s o m e  o f  w h ic h  t h e  s t r u c tu r e  h a s  r e c e n t ly  b e e n  
e lu c id a te d  (H a a s  et al., 2 0 0 2 ) . A d a p ta b le  to  a  la rg e  v a r ie ty  o f  s o i ls ,  a l t i tu d e s  a n d  ra in  
v o lu m e s ,  th e  p la n t  y ie ld s  s e e d  o il r ic h  in  o le ic  a n d  l in o le ic  a c id ,  w h ic h  w a s  d is c u s s e d  
a s  a  f e e d s to c k  f o r  b io d ie s e l  p r o d u c t io n  in  N ic a ra g u a . I n v e s t ig a t io n s  o n  th e  fu e l 
p r o p e r t ie s  o f  J a t r o p h a  o il m e th y l  a n d  e th y l e s te r s  h a d  b r o u g h t  p r o m is in g  r e su lts . 
M o re o v e r ,  a b o u t  1 0 0 0  h e c ta re s  o f  th e  c ro p  h a d  a lre a d y  b e e n  c u l t iv a te d  a n d  a  p i lo t  
p la n t  f o r  th e  c o n v e r s io n  o f  th e  o i l  h a d  b e e n  e s ta b l is h e d .  N e v e r th e le s s ,  th e  p r o je c t  w a s  
a b a n d o n e d  d u e  to  p o l i t ic a l  a n d  e c o n o m ic  r e a s o n s  (F o id l et al., 1 9 9 6 ).
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2 .2 .3  A n im a l F a ts  a n d  O i ls
A n im a l  fa ts  a n d  f is h  o i ls  a re  b y -p ro d u c ts  o f  th e  m e a t  p a c k in g  a n d  

f is h e ry  in d u s tr ie s ,  w h ic h  a re  p r o m is in g  r a w  m a te r ia ls  fo r  fu e l p r o d u c t io n  d u e  to  th e ir  
lo w  p r ic e s .  F a ts  a n d  o i ls  o f  a n im a l o r ig in , w h ic h  h a v e  b e e n  te s te d  a s  r a w  m a te r ia ls  
fo r  a lk y l e s te r  p r o d u c t io n ,  in c lu d e  b e e f  ta l lo w  ( N e ls o n  et a i,  1 9 9 6 ; Z h e n g  a n d  
H a n n a , 1 9 9 6 ; F o g l ia  et ai, 1 9 9 7 ; H a n n a  a n d  A li , 1 9 9 7 ; H s u  et ai, 2 0 0 1 ) ,  la r d  (L e e , 
et al., 2002) a n d  f is h  o i ls .  In  a u s  p a te n t  a p p l ic a t io n  (L e e , et a i, 2002) a ls o  th e  d i re c t  
a c id -c a ta ly z e d  e s te r i f ic a t io n  a n d  t r a n s - e s te r i f i c a t io n  o f  a n im a l w a s te  p r o d u c ts  ( s u c h  
a s  c h ic k e n  s k in , s m a l l  b o n e  a n d  m e a t  t i s s u e )  w i th o u t  p r e v io u s  fa t e x t r a c t io n  w a s  
re p o r te d .

R e g a rd in g  th e ir  f a tty  a c id  c o m p o s i t io n s ,  a ll o f  th e s e  f e e d s to c k s  h a v e  
d i s a d v a n ta g e s .  W ith  th e i r  h ig h  a m o u n ts  o f  s a tu ra te d  fa tty  a c id s ,  a n im a l fa ts  y ie ld  
m e th y l e s te r  w ith  p o o r  c o ld  t e m p e r a tu r e  p r o p e r t ie s ,  w h ic h  p o s e s  p r o b le m s  in  w in te r  
o p e ra t io n . O n  th e  o th e r  h a n d , th e i r  h ig h  d e g re e  o f  s a tu ra t io n  m a k e s  a n im a l  f a t  m e th y l  
e s te r s  e x c e l le n t  fu e ls  r e g a r d in g  h e a t in g  v a lu e  a n d  c e ta n e  n u m b e r .

2 .2 .4  R e c y c le d  o r  W a s te  O i ls
R e c y c le d  o r  w a s te  o i ls  h a v e  e v o lv e d  a s  v e ry  p o p u la r  r a w  m a te r ia l s  fo r  

th e  p r o d u c t io n  o f  b io d ie s e l ,  a s  th e y  a re  in e x p e n s iv e  a n d  o f fe r  th e  a d d i t io n a l  
e n v ir o n m e n ta l  b e n e f i t  o f  u s in g  s u b s ta n c e s  w h ic h  w o u ld  o th e r w is e  h a v e  to  b e  
d is p o s e d  o f. T h e  f irs t  r e f e r e n c e  to  th e  u t i l i z a t io n  o f  w a s te  o il w a s  m a d e  b y  N y e  et ai, 
( 1 9 8 3 ) .  w h o  r e p o r te d  o n  s u c c e s s f u l  e n g in e  te s ts  fo r  m e th y l ,  e th y l  a n d  1 - b u ty le s te r s  
p ro d u c e d  f ro m  u s e d  f ry in g  o il. A t th e  s a m e  t im e  re c y c le d  f ry in g  o il w a s  a ls o  s tu d ie d  
a s  a  r a w  m a te r ia l  f o r  .b io d ie s e l p r o d u c t io n  b y  M it te lb a c h , w h o  la te r  d e v e lo p e d  a 
c o m m e r c ia l  p r o c e s s  f o r  c o n v e r t in g  w a s te  o il f ro m  h o u s e h o ld s  a n d  r e s ta u r a n t s  a s  w e ll  
a s  f a t ty  w a s te  f ro m  s la u g h te r h o u s e s  a n d  s e w a g e  p la n t s  in to  b io d ie s e l  fu e ls  
( M it te lb a c h  a n d  J u n e k ,  19 88 ). F a t ty  a c id  m e th y l  e s te r ,  F F A  a n d  w a te r  c o n te n t  o f  
fo o d -g ra d e  s o y b e a n  o i l ,  c ru d e  s o y b e a n  o i l ,  c ru d e  p a lm  o il a n d  w a s te  c o o k in g  o i l  a re  
s h o w n  in  T a b le  2 .5  ( Y a n ,  2 0 0 9 ) .
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T a b l e  2 .3  F a tty  a c id  m e th y l e s te r , F F A  a n d  w a te r  c o n te n t  o f  f o o d -g ra d e  s o y b e a n  o il, 
c ru d e  s o y b e a n  o i l ,  c r u d e  p a lm  o il a n d  w a s te  c o o k in g  o il (Y a n , 2 0 0 9 )

F a t t y  a c i d  

c o m p o n e n t s
F o o d - g r a d e  

s o y b e a n  o i l  

( % )  '

C r u d e  s o y b e a n  

o i l  ( % )
C r u d e  p l a i n  o i l

( % )

W a s t e  c o o k i n g  

o i l  ( % )

c  14:0 0 0 .2 7 0.21 0
c  16:0 1 โ . 07 13.05 4 1 .9 2 1 1 .58
c  16:1 0.09 0 .3 9 0 .2 3 0 .1 8
c  18 :0 3 .6 2 4 .1 7 3 .8 5 4 .2 6
c  18:1 2 0 .2 6 2 2 .7 5 4 2 .4 4 2 4 .8 4
c  18:2 57.60  ' 52.78 1 1 .30 5 3 .5 5
c  18:3 7 .3 6 6.59 0.04 5 .6
FFA content 0 .0 2 3.31 0 .2 4 3 .7 8
W ater content 0 .0 2 0 .2 7 0 .0 4 0 .0 6

2 . 3  D e r i v a t i v e s  o f  T r i g l y c e r i d e s  a s  D i e s e l  F u e l s

T h e  p o s s ib i l i ty  o f  u s in g  v e g e ta b le  o i ls  a s  fu e l h a s  b e e n  r e c o g n iz e d  s in c e  th e  
b e g in n in g  o f  d ie s e l  e n g in e s .  V e g e ta b le  o il h a s  to o  h ig h  v i s c o s i ty  fo r  u s e  in  m o s t  
e x i s t in g  d ie s e l e n g in e s  a s  a s tr a ig h t  r e p la c e m e n t  fu e l o il. T h e r e  a re  m a n y  w a y s  to  
r e d u c e  v e g e ta b le  o i l s ’ v is c o s i ty .  D i lu t io n , m ic r o e m u ls i f i c a t io n ,  p y r o ly s i s ,  a n d  
t r a n s e s te r i f ic a t io n  a re  th e  fo u r  t e c h n iq u e s  a p p lie d  to  s o lv e  th e  p r o b le m s  e n c o u n te r e d  
w ith  h ig h  fu e l v i s c o s i ty .  B io d ie s e l  o b ta in e d  f ro m  m ic r o e m u ls io n  a n d  th e rm a l  
c r a c k in g  m e th o d s  w o u ld  le a d  to  in c o m p le te  c o m b u s t io n  d u e  to  a  lo w  c e ta n e  n u m b e r .  
T ra n s e s te r i f i c a t io n  is th e  m o s t c o m m o n  m e th o d  fo r  b io d ie s e l  p r o d u c t io n  d u e  to  its  
s im p l ic i ty  a n d  it h a s  b e e n  w id e ly  s tu d ie d  a n d  in d u s tr ia l ly  u s e d  to  c o n v e r t  v e g e ta b le  
o il in to  b io d ie s e l .
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2 .3 .1  T r a n s e s te r i f i c a t io n
T r a n s e s te r i f i c a t io n  is  th e  r e a c t io n  p ro c e s s  b y  m e a n s  o f  w h ic h  

t r ig ly c e r id e  m o le c u le s  p r e s e n t  in a n im a l  fa ts  o r  v e g e ta b le  o i ls  r e a c t w i th  a n  a lc o h o l  in  
th e  p r e s e n c e  o f  a c a ta ly s t  to  fo rm  e s te r s  a n d  g ly c e ro l ,  a s  s h o w n  in  F ig u re  2 .2 .  W h e n  
th e  t r a n s e s te r i f ic a t io n  r e a c t io n  w ith  a lc o h o l p r o c e e d s , th e  f irs t s te p  is th e  t r ig ly c e r id e s  
to  d ig ly c e r id e s  c o n v e r s io n ,  w h ic h  is  fo l lo w e d  b y  th e  s u b s e q u e n t  h ig h e r  g ly c e r id e s  to  
lo w e r  g ly c e r id e s  c o n v e r s io n  a n d  th e n  to  g ly c e ro l , y ie ld in g  o n e  m e th y l  e s te r  m o le c u le  
f ro m  e a c h  g ly c e r id e  a t  e a c h  s te p , a s  s h o w n  in  F ig u re  2 .3  ( B a n e r je e  a n d  C h a k r a b o r ty ,  
2 0 0 9 )

ch 2- o - c o - r , 
ch - o - c o - r2 + 3 CH3-OH 
CH2-O-CO-R3

CHj-O-CO-R,
-< >: c h 3- o- c o - r2

C H 3- 0 - C O - R 3

C H r O H

Ç H - O H

C H 2- O F I
/  high e t*rîiJ&s A  I c t h . t n *  >1 A  i  c  f h y  /  l e s  i  t  ' JTS ( >I\ c v r o J

F i g u r e  2 .2  T r ig ly c e r id e s  t r a n s e s te r i f ic a t io n  r e a c t io n  w ith  m e th a n o l .

ch2- o- co - r

ch- o- co- r2
ch2- o- co - r

Trig!) ’cerid es

1

3

4*
( .น fithsf

ch 3-oh ไ̂ :-.. ":i>L CHs-O-CO-R!

M ethanol M ethyl ester

ch2- oh 
+ ch- o- c o - r2 

ch2- o- c o - r3
D ig lycen d e

ch2- oh

ch- o- co - r2 + ch3- oh : 
ch2- o- co - r3

D ig!I - ce rid e M eth an o l

C a ta ly s t CH 2-๐ H
> CH3-0-C0-R2 + ÇH-OH

M eth yl este r

ch2- o- c o - r3
M on og lycerid e

ch2- oh

ÇH-OH + CH3-OH
ch2- o- co - r3

t. .i rah St
ch3- o- co - r3

ch2- oh 
+ CH-OH

ch2- oh

M on og lycerid e M eth an o l Merit y 1 ester G lycero l

F i g u r e  2 .3  T h e  t r a n s e s te r i f ic a t io n  r e a c t io n s  s te p .
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C u rr e n t ly ,  t r a n s e s te r i f ic a t io n  r e a c t io n  u s in g  b a s ic  c a ta ly s ts  is  th e  m o s t  
e x te n d e d  p r o c e s s  to  p r o d u c e  b io d ie s e l .  In  th is  p ro c e s s ,  it is  n e c e s s a r y  to  u s e  f e e d ­
s to c k  ( v e g e ta b le  o i ls  o r  a n im a l fa ts )  w h ic h  p r e s e n t  lo w  fre e  f a t ty  a c id  c o n te n t .  W h e n  
th e  r a w  m a te r ia ls  c o n ta in  h ig h  p e r c e n ta g e  o f  f re e  fa tty  a c id s  o r  w a te r , th e  a c id  
c a ta ly s t  w i l l  b e  u s e d  in  th e  r e a c t io n ,  it r e a c ts  w i th  th e  f re e  fa t ty  a c id s  to  fo rm  
b io d ie s e l  v ia  e s te r i f ic a t io n  r e a c tio n .

2 .3 .2  E s te r i f ic a t io n
E s te r i f ic a t io n  is th e  re a c t io n  p ro c e s s  b y  m e a n s  o f  w h ic h  lo n g  c h a in  

c a r b o x y l ic  a c id s  o r  f re e  fa tty  a c id  ( F F A )  s u c h  a s  o le ic  a c id  in  th e  c o n te x t  o f  b io d ie s e l  
p r o d u c t io n  re a c t w i th  a n  a lc o h o l in  th e  p re s e n c e  o f  a  c a ta ly s t  to  fo rm  e s te r  a n d  w a te r .  
F F A  m a y  b e  p re s e n t  in  e s te r i f ic a t io n  o f  v e g e ta b le  o i ls  a s  w e ll a s  r e c y c le d  f e e d s to c k s  
a s  s h o w n  in  F ig u re  2 .4 .

R - O - C O - H  +  C F h - O H  . . . . . . . . . . . . . . . . . C H 3- 0 - C O - R  +  แ 2 0
Fatty acids M ethanol 'M eth ylester Water

F i g u r e  2 .4  T h e  e s te r i f ic a t io n  r e a c t io n .

F o r  a  c a ta ly s t  in  b io d ie s e l  p r o d u c t io n  is  u s u a lly  u s e d  to  im p r o v e  th e  
r e a c t io n  ra te  a n d  y ie ld  b e c a u s e  th e  r e a c t io n  is r e v e r s ib le .  T h e r e  a r e  m a n y  ty p e s  o f  
c a ta ly s t  u s e d  in  b io d ie s e l  p ro d u c t io n :  h o m o g e n e o u s  a n d  h e te ro g e n e o u s  c a ta ly s ts .
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2 . 4  C a t a l y s t  i n  T r a n s e s t e r i f i c a t i o n

C a ta ly s ts  in  b io d ie s e l  p r o d u c t io n  a re  d iv id e d  in to  2 ty p e s :  b a s ic  c a ta ly s t  a n d  
a c id  c a ta ly s t .

2 .4 .1  H o m o g e n e o u s  C a ta ly s t
2.4.1.1 Homogeneous Basic Catalyst

H o m o g e n e o u s  b a s ic  c a ta ly s ts  a re  c o m m o n ly  u s e d  in  th e  
in d u s tr i e s  d u e  to  s e v e r a l  r e a s o n s , f o r  e x a m p le ,  a b le  to  c a ta ly z e  re a c t io n  a t  lo w  
r e a c t io n  te m p e ra tu re  a n d  a tm o s p h e r ic  p re s s u re ,  h ig h  c o n v e r s io n  c a n  b e  a c h ie v e d  in  a 
m in im a l  t im e , a n d  w id e ly  a v a i la b le  a n d  e c o n o m ic a l  (L o te ro  et al., 2 0 0 5 ) . F o r  th is  
ty p e  o f  c a ta ly s t ,  s o d iu m  h y d ro x id e  ( N a O H )  a n d  p o ta s s iu m  h y d r o x id e  ( K O H )  a re  
c o m m o n ly  u se d .

T h e  m e c h a n is m  o f  th e  b a s e -c a ta ly z e d  t r a n s e s te r i f ic a t io n  o f  
v e g e ta b le  o i ls  is s h o w n  in  F ig u re  2 .5 . T h e  f irs t  s te p  (1 )  is th e  r e a c t io n  o f  th e  b a s e  
w ith  th e  a lc o h o l ,  p r o d u c in g  a n  a lk o x id e  a n d  th e  p r o to n a te d  c a ta ly s t .  T h e  n u c le o p h i l i c  
a t ta c k  o f  th e  a lk o x id e  a t  th e  c a rb o n y l  g r o u p  o f  th e  tr ig ly c e r id e  g e n e ra te s  a  te t r a h e d r a l  
in te r m e d ia te  (2 ), f ro m  w h ic h  th e  a lk y l  e s te r  a n d  th e  c o r r e s p o n d in g  a n io n  o f  th e  
d ig ly c e r id e  a re  fo rm e d  (3 ) . T h e  la t te r  d e p ro to n a te s  th e  c a ta ly s t ,  th u s  r e g e n e r a t in g  th e  
a c t iv e  s p e c ie s  (4 ) , w h ic h  is n o w  a b le  to  re a c t  w i th  a  s e c o n d  m o le c u le  o f  th e  a lc o h o l ,  
s ta r t in g  a n o th e r  c a ta ly t ic  c y c le . D ig ly c e r id e s  a n d  m o n o g ly c e r id e s  a re  c o n v e r te d  by  
th e  s a m e  m e c h a n is m  to  a  m ix tu re  o f  a lk y l  e s te r s  a n d  g ly c e ro l.



ROH B RO B H (l'I

R'COO—ÇH; .... - x
RXOO—Ç'H /  -  ‘OR

H;C—OCR"
JJO

R'COO—ÇH;
RXOO—Ç'H OR _

H:c — O-Ç^—R"'
o _>

R'COO—ÇH;
R X O O -ÇH + BH’

HiC—O’

R'COO—ÇH;
RXOO—ÇH OR (2)

H;C— O—Ç — R ”
O '

R'COO—Ç H;
RXOO—Ç H + ROOC'R" (3)

H;C—O’

R'COO—Ç H;
R'COO—Ç-H + B (4)

H;C—OH

F ig u r e  2 .5  M e c h a n is m  o f  th e  b a s e - c a ta ly z e d  t r a n s e s te r i f ic a t io n  o f  v e g e ta b le  o i ls .

A l th o u g h  th e  b a s e - c a ta ly z e d  a re  w id e ly  u s e d  th e y  h a v e  m a n y  
l im i t  c o n d i t io n s  s u c h  a s  it is  v e ry  s e n s i t iv e  to  w a te r  a n d  f re e  fa tty  a c id . S o m e  w a te r  
r e a c ts  w i th  a lc o h o l  le a d  to  s o a p  f o rm a t io n ,  a s  s h o w n  in  F ig u re  2 .6  ( S c h u c h a r d t  et al., 
1 9 9 8 ). T h is  u n d e s i r a b le  s a p o n i f ic a t io n  r e a c t io n  r e d u c e s  th e  e s te r  y ie ld s  a n d  
c o n s id e ra b ly  d i f f ic u l t  to  r e c o v e r  o f  th e  g ly c e ro l .

R C Q O R '  +  H o O  ^ = = = = ? ะะะ. '  ค C O O H  +  R ' Û H

R C  C O  H  +  NaOH ....— -  R C O O N a  +  H 2 0

F i g u r e  2 .6  S a p o n if ic a t io n  o f  fa tty  a c id  a lk y l  e s te r .

T o m a s e v ic  a n d  S ile r - M a r in k o v ic  (2003) p e r f o rm e d  
t r a n s e s t e r i f ic a t io n  r e a c t io n  o f  r e f in e d  s u n f lo w e r  o il a n d  u s e d  f ry in g  o i l s  a t 25 °c w ith  
h o m o g e n e o u s  c a ta ly s ts :  K O H  o r  N a O H . T ra n s e s te r i f i c a t io n  r e a c t io n  c o n d i t io n s  th a t  
a f fe c t  y ie ld  a n d  p u r i ty  o f  th e  p r o d u c t  e s te r s  in c lu d in g  o il q u a li ty ,  m o la r  r a t io  o f  
m e th a n o l  to  o i l ,  ty p e  a n d  c a ta ly s t  c o n c e n t r a t io n ,  te m p e ra tu re ,  a n d  r e a c t io n  t im e  w e r e
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e x a m in e d .  T h e y  fo u n d  th a t  1%  K O F I, te m p e ra tu re  o f  25 °c, m e th a n o l /o i l  r a t io  o f  6 
a n d  r e a c t io n  t im e  o f  3 0  m in ,  a ll in v e s t ig a te d  o i ls  w e re  s u f f ic ie n t ly  t r a n s e s te r i f ie d  a n d  
c o u ld  b e  u s e d  a s  fue l in  d ie s e l  e n g in e s .

V ic e n te  et al. ( 2 0 0 3 )  c o m p a re d  th e  c a ta ly t ic  a c t iv i ty  o f  
d i f f e r e n t  b a s ic  c a ta ly s ts  ( s o d iu m  m e th o x id e ,  p o ta s s iu m  m e th o x id e ,  s o d iu m  
h y d r o x id e ,  a n d  p o ta s s iu m  h y d r o x id e )  f o r  m e th a n o ly s is  o f  s u n f lo w e r  o il. A ll th e  
r e a c t io n s  w e r e  c a r r ie d  o u t  u n d e r  th e  s a m e  e x p e rh r 1 e n ta i  c o n d i t io n s  in  o i l  b a th  s t i r r e d  
r e a c to r  a n d  th e  s u b s e q u e n t  s e p a r a t io n  a n d  p u r i f ic a t io n  s ta g e s  in  a  d e c a n te r .  T h e y  
fo u n d  th a t  b io d ie s e l  p u r i ty  w a s  n e a r  1 0 0  % w t fo r  a ll c a ta ly s ts ;  h o w e v e r ,  n e a r  1 0 0  

% w t b io d ie s e l  y ie ld s  w e re  o n ly  o b ta in e d  w ith  th e  m e th o x id e  c a ta ly s ts .  A l th o u g h  a ll 
th e  t r a n s e s te r i f ic a t io n  r e a c t io n s  w e re  q u i te  r a p id  a n d  th e  b io d ie s e l  la y e rs  a c h ie v e d  
n e a r ly  1 0 0 %  m e th y l e s te r  c o n c e n t r a t io n s ,  th e  r e a c t io n s  u s in g  s o d iu m  h y d r o x id e  
tu rn e d  o u t th e  fa s te s t.

2.4.1.2 Homogeneous A cid Catalyst
T h e  m o s t  w id e ly  u s e d  o f  c a ta ly s ts  fo r  a c id -c a ta ly z e d  s y s te m  

a re  s u l fu r ic  a c id  (H 2S O 4) a n d  h y d r o c h lo r ic  a c id  (H C 1 ). I m p o r ta n t  a d v a n ta g e s  o f  
a c id -c a ta ly z e d  r e a c t io n  w i th  r e s p e c t  to  b a s e - c a ta ly z e d  re a c t io n  a re  in s e n s i t iv e  to  th e  
p r e s e n c e  o f  F F A s  in  th e  f e e d s to c k  ( K u lk a r n i  a n d  D a la i ,  2 0 0 6 )  a n d  c a n  c a ta ly z e  
e s te r i f ic a t io n  a n d  t r a n s e s t e r i f ic a t io n  s im u l ta n e o u s ly  ( J a c o b s o n  et al., 2 0 0 8 ) .  
T h e r e fo re ,  a c id -c a ta ly z e d  p r o c e s s  c a n  o c c u r  in  a o n e - s te p  p r o c e s s  fo r  h ig h  F F A s  
f e e d s to c k  th a t  is  m o re  e c o n o m ic a l  th a n  th e  b a s e - c a ta ly z e d  p ro c e s s .

S c h u c h a r d t  et al. ( 1 9 9 7 )  s tu d ie d  th e  m e c h a n is m  o f  th e  a c id -  
c a ta ly z e d  t r a n s e s te r i f ic a t io n  o f  v e g e ta b le  o i ls  (F ig u re  2 .7 )  fo r  a  m o n o g ly c e r id e .  
H o w e v e r ,  it c a n  be  e x te n d e d  to  d i-  a n d  t r i -g ly c e r id e s .  T h e  p r o to n a t io n  o f  th e  
c a rb o n y l  g r o u p  o f  th e  e s te r  le a d s  to  th e  c a r b o c a t io n  w h ic h ,  a f te r  a  n u c le o p h i l i c  a t t a c k  
o f  th e  a lc o h o l ,  p ro d u c e s  th e  te t ra h e d r a l  in te r m e d ia te ,  w h ic h  e l im in a te s  g ly c e ro l  to  
f o rm  th e  n e w  e s te r ,  a n d  to  r e g e n e r a te  th e  c a ta ly s t  H +.
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O OH OH
j! H \  1! ____  J

R'"' " OR" R' " " OR" "* *” R' ''^" OR'
I II

OH R ? H -  H IT R“OK 0
R - " OR"

0
H

R — j— o  
OR" R

R OR

-  0  - III IV
_ K" = ! -  OH : glyceride

OH
R = carbon chain of tire âtî)’ acid 
R = alkyl group of tit akohol

F i g u r e  2 .7  M e c h a n is m  o f  th e  a c id -c a ta ly z e d  tr a n s e s té r i f ic a t io n  o f  v e g e ta b le  o ils .

A c c o r d in g  to  th is  m e c h a n is m , c a r b o x y l ic  a c id s  c a n  b e  f o r m e d  
b y  r e a c t io n  o f  th e  c a r b o c a t io n  w ith  w a te r  p r e s e n t  in th e  re a c t io n  m ix tu r e  a n d  a c id -  
c a ta ly z e d  t r a n s e s t e r i f ic a t io n  s h o u ld  b e  c a r r ie d  o u t in  th e  a b s e n c e  o f  w a te r ,  in  o r d e r  to  
a v o id  th e  c o m p e t i t iv e  f o r m a t io n  o f  c a r b o x y l ic  a c id s  w h ic h  r e d u c e  th e  y ie ld s  o f  a lk y l 
e s te r s .

B e c a u s e  o f  s lo w  re a c t io n  r a te  o f  a c id -c a ta ly z e d  p r o c e s s ,  
r e q u i r e m e n t  o f  h ig h  r e a c t io n  te m p e ra tu re ,  h ig h  m o la r  ra tio  o f  a lc o h o l  to  o i l ,  
s e p a r a t io n  o f  th e  c a ta ly s t ,  s e r io u s  e n v ir o n m e n ta l  a n d  c o r r o s io n  r e la te d  p r o b le m , th is  
s y s te m  is  n o t  a  p o p u la r  c h o ic e  fo r  c o m m e r c ia l  a p p l ic a t io n s  ( J a c o b s o n  et ai, 2 0 0 8 , 
W a n g  et al., 2 0 0 6 ) .

In  a  s tu d y  o f  a c id -c a ta ly z e d  t r a n s e s t e r i f ic a t io n  o f  w a s te  
c o o k in g  o il u s in g  H 2S O 4. W a n g  et al. r e p o r te d  th a t th e  y ie ld  o f  F A M F  in c re a s e d  w ith  
lo n g e r  re a c t io n  t im e , h ig h e r  m e th a n o l  to  o il ra tio , a n d  h ig h e r  c a ta ly s t  lo a d in g . T h e  
c o n v e r s io n  o f  w a s te  c o o k in g  o il w a s  h ig h e r  th a n  9 0 %  a t a  r e a c t io n  t im e  o f  10 h  w i th  
a  ra t io  o f  m e th a n o l  to  o il o f  20 :1  a n d  4  w t .%  H 2S O 4 ( w i th  r e f e r e n c e  to  w e ig h t  o f  o i l )  
( W a n g  et al., 2 0 0 6 ) .
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2 .4 .2  H e te r o g e n e o u s  C a ta ly s t
2.4.2.1 Heterogeneous Basic Catalyst

M e ta l  o x id e s  a re  th e  b a s ic  h e te ro g e n e o u s  c a ta ly s ts  g ro u p  m o s t  
s tu d ie d . T h e r e  a re  s e v e r a l  m e ta l  o x id e s  th a t  h a v e  b e e n  s tu d ie d :  c a lc iu m  o x id e ,  
m a g n e s iu m  o x id e ,  s t r o n t iu m  o x id e , m ix e d  o x id e s ,  a n d  h y d ro ta lc i te s .

C a O  is  th e  m o s t  w id e ly  u se d  a s  a  so lid  b a s ic  c a ta ly s t  a s  it 
p r e s e n ts  m a n y  a d v a n ta g e s  s u c h  a s  lo n g  c a ta ly s t_ life , h ig h  a c t iv i ty , a n d  r e q u i r e s  o n ly  
m o d e ra te  r e a c t io n  c o n d i t io n s  (M a th  et al., 2 0 1 0 ) . Y o o s u k  et al. ( 2 0 1 0 )  u s e d  a  c a lc i te  
n a tu ra l  s o u rc e  to  p r o d u c e  C a O . T h is  n a tu r a l  s o u rc e  is  c h e a p , it s h o w s  h ig h  b a s ic i ty  
a n d  it is e n v ir o n m e n ta l  f r ie n d ly . T h e y  d e m o n s tr a te d  th a t  h y d ra t io n  a n d  s u b s e q u e n t  
th e rm a l d e c o m p o s i t io n  is  a n  e f fe c t iv e  m e th o d  to  in c re a s e  th e  a c t iv i ty  o f  c a lc in e d  
n a tu ra l  c a lc i te .  T h is  t e c h n iq u e  g e n e ra te s  a  C a O  w ith  e x c e l le n t  te x tu ra l  p r o p e r t ie s  a n d  
a  la rg e  n u m b e r  o f  b a s ic  s i te s .

C a O  h a s  b e e n  m ix e d  w ith  o th e r  o x id e  c o m p o u n d s .  A lb a -  
R u b io  et al. (2 0 1 0 )  s tu d ie d  C a O  s u p p o r te d  o n  z in c  o x id e  a s  a  b a s ic  c a ta ly s t  fo r  
t r a n s e s te r i f ic a t io n  p r o c e s s e s .  T h is  s u p p o r te d  C a O  c a ta ly s t ,  th e rm a l ly  a c t iv a te d  a t 8 0 0  
°c, c a n  g iv e  b io d ie s e l  y ie ld s  h ig h e r  th a n  9 0 %  a f te r  2 h  o f  r e a c t io n  a t  6 0  °c.

X ie  et al. ( 2 0 0 6 )  s tu d ie d  th e  c a ta ly t ic  a c t iv i ty  a n d  b a s e  
s t r e n g th  o f  A I 2O 3 lo a d e d  w i th  d if f e re n t  p o ta s s iu m  c o m p o u n d s  (K F , K C 1, K B r, K I , 
K 2C O 3, K N O 3, K O H )  in  th e  s o y b e a n  o il t r a n s e s te r i f ic a t io n .  T h e  c a ta ly t ic  a c t iv i ty  a n d  
b a s e  s t r e n g th  o f  KT s u p p o r te d  o n  d i f f e r e n t  c a r r ie r s  ( Z r 0 2 , Z n O , N a X  z e o l i te ,  K L  
z e o l i te ,  a n d  A I 2O 3), th e  e f f e c ts  o f  c a ta ly s t  lo a d in g , m o la r  r a t io  o f  m e th a n o l  to  o i l ,  a n d  
re a c t io n  t im e  w e r e  a ls o  s tu d ie d .  T h e y  in d ic a te d  th a t  K I /A I 2O 3 w a s  th e  m o s t  a c t iv e  
c a ta ly s t ,  o b ta in in g  9 6 %  c o n v e r s io n  u n d e r  th e  o p t im u m  c o n d i t io n s :  a m o u n t  o f  c a ta ly s t  
a t  2 .5  w t% , m o la r  ra t io  o f  m e th a n o l /o i l  a t  1 5 :1 , a n d  r e a c t io n  t im e  a t  8 h . M o re o v e r ,  
th e y  s u g g e s te d  th a t  th e  a c t iv i ty  o f  c a ta ly s t  w a s  s t r o n g ly  a f fe c te d  n o t  o n ly  b y  th e  
s t r e n g th  o f  b a s ic  s i te s  b u t  a ls o  b y  th e  a m o u n t  o f  b a s ic  s ite s . T h e y  fo u n d  th a t  th e  
a lu m in a  lo a d e d  w i th  p o ta s s iu m  w a s  a  s tro n g  s o l id - b a s e  c a ta ly s t  fo r  th e  
t r a n s e s te r i f ic a t io n  o f  s o y b e a n ,  h a v in g  th e  h ig h e s t  b a s ic i ty  a n d  th e  b e s t  c a ta ly t ic  
a c t iv i ty  fo r  r e a c t io n . T h e  c a ta ly t ic  a c t iv i t ie s  o f  th e  h e te ro g e n e o u s  b a s e  c a ta ly s ts  s h o w  
a  s tr ik in g  c o r r e la t io n  w i th  th e i r  c o r r e s p o n d in g  b a s ic  p r o p e r t ie s .  T h e  d e c o m p o s i t io n
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p r o d u c ts  o f  th e  lo a d e d  K N O 3, f o rm in g  e i th e r  K 2O  s p e c ie s  o r  A l - O - K  g ro u p  in  th e  
c o m p o s i te ,  w e r e  p ro b a b ly  th e  a c t iv e  b a s ic  s ite s .

2.4.2.2 Heterogeneous A cidic Catalyst
T h e r e  a re  s e v e ra l r e p o r ts  o n  th e  u s e  o f  h e te r o g e n e o u s  c a ta ly s t  

f o r  b io d ie s e l  p ro d u c t io n .
Y o o  et al. ( 2 0 1 0 )  c a r r ie d  o u t  b io d ie s e l  p r o d u c t io n  f ro m  

r a p e s e e d  o il u s in g  s u p e rc r i t ic a l  m e th a n o l  w i th  t r a n s i t io n  m e ta l o x id e s  (Z n O , TiC>2, 
a n d  ZrC>2). Z n O  w a s  r e p o r te d  a s  th e  b e s t  c a ta ly s t  fo r  th e  t r a n s e s t e r i f ic a t io n  o f  
r a p e s e e d  o il o w in g  to  i ts  h ig h  a c t iv i ty  a n d  m in im u m  w e ig h t  lo s s  in  s u p e rc r i t ic a l  
m e th a n o l .  T h e  o p tim a l r e a c t io n  c o n d i t io n s  in c lu d e d  a m o la r  r a t io  o f  m e th a n o l  to  o il 
4 0 :1  in  th e  p re s e n c e  o f  1 .0  w t .%  Z n O  a n d  a  r e a c t io n  t im e  o f  10 m in . T h e  
s u p e rc r i t ic a l  p r o c e s s  w i th  Z n O  a s  a  c a ta ly s t  a p p e a re d  e c o n o m ic a l ly  v ia b le .

M e d in a  et al. ( 2 0 1 2 )  p re p a re d  Z n O  n a n o p a r t ic le s  b y  c h e m ic a l  
p r e c ip i ta t io n  s y n th e s is  w i th  th e  s to ic h io m e tr ic  r e la t io n  u se d  o f  th e  Z n 2+:( O H ” )2 

s p e c ie s  w a s  1 :1 . Z n ( H 3C 2 0 2 ) 2 ‘2 H 2 0  w a s  d is s o lv e d  in d is t i l le d  w a te r  a n d  s t i r r e d  a t  4 0  
°c. T h e n , N a O H  s o lu t io n  w a s  a d d e d  to  th e  Z n - s o lu t io n . T h e  Z n ( O H )2 w a s  
c e n t r i fu g e d ,  w a s h e d , a n d  d r ie d  a t ro o m  te m p e ra tu re .  F in a lly , th e s e  s a m p le s  w e r e  
c a lc in e d  a t 5 0 0  °c fo r  6 0  m in  w i th  a h e a t in g  ra te  o f  2 0  °c/min. T h e y  fo u n d  th a t  Z n O  
n a n o p a r t ic le s  w i th  h e x a g o n a l  s h a p e  w e re  p ro d u c e d . A ll h e x a g o n a l  p a r t i c le s  fo rm e d  
a r e  o f  w u r tz i te  c ry s ta l  s t r u c tu r e .

Y a n  et al. ( 2 0 1 0 )  p r e p a r e d 'Z n O  n a n o p a r t ic le s  b y  th e  u r e a  
h y d r o ly s is  m e th o d .  Z n ( N 0 3 ) 2  a n d  L a (N 0 3 ) 3  s o lu t io n s  w i th  a  3:1 r a t io  o f  Z n :L a  w e r e  
m ix e d  w ith  a  2  M  u re a  s o lu t io n .  T h e  m ix tu r e  w a s  b o i le d  fo r  4  h , a n d  th e n  d r ie d  a t 
1 5 0  °c fo r  8 h , fo l lo w e d  b y  s te p - r is in g  c a lc in a t io n  a t 2 5 0 , 3 0 0 , 3 5 0 . 4 0 0  ๐c ,  f in a l ly  
a t  4 5 0  ๐c  f o r  8 h . T h e n , u s in g  L a  m o d if ie d  Z n O  n a n o p a r t ic le s  a s  a  c a ta ly s t  fo r  
p ro d u c e d  b io d ie s e l  b y  th e  t r a n s e s t e r i f ic a t io n  o f  n a tu ra l  o i ls  w i th  m e th a n o l  in  a b a tc h  
s t i r r e d  re a c to r .  T h is  c a ta ly s t  is  a  m ix tu r e  o f  w u r tz i te  Z n O  n a n o p a r t ic le s  a n d  s o m e  
a m o r p h o u s  m a te r ia ls  a n d  th a t  th e  u s e d  c a ta ly s ts  h a v e  s im i la r  c ry s ta l  s t r u c tu r e  to  f r e s h  
c a ta ly s t .  IC P  r e s u l t s  s h o w  th a t  th is  c a ta ly s t  d o e s  n o t d i s s o lv e  in  b io d ie s e l ,  m e th a n o l ,  
o i l ,  a n d  g ly c e r in e  m e th a n o l  s o lu t io n s .  It h a s  a  s ta b le  c ry s ta l  s t r u c tu r e  u n d e r  th e  
r e a c t io n  c o n d i t io n s .  It w a s  fo u n d  th a t th e  c a ta ly s t  w a s  h ig h  c a ta ly t ic  a c t iv i ty ,  lo n g
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c a ta ly s t  life  a n d  lo w  le a c h in g  p ro p e r t ie s .  T h e  a v e ra g e  y ie ld  o f  F A M E  w a s  a r o u n d  
9 3 .7 %  a f te r  w e r e  r e u s e d  17 t im e s  w i th o u t  a n y  a c t iv i ty  lo s s .

J i tp u t t i  et al. (2 0 0 6 )  r e p o r te d  th a t  S 0 4 27 Z rC >2 c o u ld  p r o d u c e  
p r o m is in g  r e s u l t s  in  t r a n s e s te r i f ic a t io n  o f  p a lm  k e rn e l o il a n d  c ru d e  c o c o n u t  o il w i th  
m e th y l  e s te r  y ie ld  r e a c h in g  a s  h ig h  a s  9 0 .3 %  a n d  8 6 .3 % , r e s p e c t iv e ly .  H o w e v e r ,  
w h e n  u n s u l f a te d  Z rC >2 w a s  u s e d  a s  c a ta ly s t  in s te a d  o f  S 0 427 Z r 0 2 ,  o n ly  6 4 .5 %  (p a lm  
k e r n e l  o i l)  a n d  4 9 .3 %  ( c ru d e  c o c o n u t  o i l )  o f  m e th y l e s te r  y ie ld  w e r e  r e p o r te d , 
r e s p e c t iv e ly .

T ra n s e s te r i f i c a t io n  f ro m  w a s te  f ry in g  o il ( W F O )  in  tw o  s te p s  
c a ta ly z e d  p r o c e s s  w a s  c a r r ie d  o u t  b y  C o r ro  et al. (2 0 1 0 ) . T h e  f re e  fa t ty  a c id s  (F F A )  
w e r e  f irs t  e s te r i f ie d  w ith  m e th a n o l  c a ta ly z e d  b y  S iC >2 p r e t r e a te d  w i th  H F . T h e  
c a ta ly s t  w a s  e a s y  to  re c o v e r ;  n e i th e r  h y d r a te d  n o r  c a r b o n a te d ,  d id  n o t  d is s o lv e d  b y  
th e  r e a c ta n ts  o r  th e  p r o d u c ts  o f  th e  r e a c t io n ,  sh o w e d  h ig h  a c t iv i ty  fo r  th e  F F A  
e s te r i f ic a t io n  a n d  p re s e n te d  h ig h  s ta b il i ty . A f te r  10 e s te r i f ic a t io n  r u n s ,  th e  c a ta ly s t  
a c t iv i ty  r e m a in e d  u n c h a n g e d . D u r in g  th e  s e c o n d  s te p , th e  t r ig ly c e r id e s  W F O  w e re  
t r a n s e s t e r i f ie d  w i th  m e th a n o l  c a ta ly z e d  b y  N a O F l 9 6 %  m e th y l  e s te r s  w e r e  o b ta in e d .

M it te lb a c h  et al. ( 1 9 9 6 )  c o m p a re d  th e  a c t iv i t ie s  o f  a  s e r ie s  o f  
la y e re d  a lu m in o s i l i c a te s  lo a d e d  w ith  H2SO4 fo r  th e  t r a n s e s te r i f ic a t io n  o f  ra p e s e e d  o il 
a t  u s e d  an  in i t ia l  o i l /m e th a n o l  m o la r  r a t io  o f  1 :3 0  a n d  5 w t%  c a ta ly s t .  T h e  s o l id  
c a ta ly s ts  s h o w e d  a w id e  r a n g e  o f  a c t iv i t ie s  d e p e n d in g  o n  th e  r e a c t io n  c o n d i t io n s .  T h e  
m o s t  a c t iv e  c a ta ly s ts  w e re  th o s e  a c t iv a te d  b y  s u l fu r ic  a c id  im p re g n a t io n .  F o r  
in s ta n c e ,  s u l fu r ic  a c id  a c t iv a te d  m o n tm o r i l lo n i te  K S F  s h o w e d  1 0 0 %  c o n v e r s io n  a f te r  
4 - h  o f - r e a c t io n  a t 2 2 0  ๐c  a n d  5 2  b ar. H o w e v e r ,  le a c h in g  o f  th e  s u l f a te  s p e c ie s  m a d e  
th e  r e u s a b i l i ty  o f  th is  c a ta ly s t  d i f f ic u l t .  T h u s ,  to  m a in ta in  th e  c a ta ly s t  a c t iv i ty  a t 
c o n s ta n t  v a lu e s ,  s u l fu r ic  a c id  r e - im p re g n a t io n  h a d  to  b e  c a r r ie d  o u t a f te r  e a c h  ru n .

R e c e n t ly ,  l ig n in  is  c o n s id e re d  a s  th e  s e c o n d - m o s t  a b u n d a n t  
n a tu r a l  o r g a n ic  m a te r ia l  a f te r  c e l lu lo s e , a n d  th e  r ic h e s t  a r o m a t ic  o r g a n ic  b io p o ly m e r . 
It h a s  h ig h  c a r b o n  c o n te n t  a n d  s h o u ld  b e  u s a b le  a s  a  p r e c u r s o r  fo r  a c t iv a te d  c a rb o n . 
T h e  c a r b o h y d ra te  b a se  b io m a s s  ( fo r  e x a m p le ,  s ta r c h , g lu c o s e , a n d  c o r n c o b )  h a s  b e e n  
u s e d  a s  a  r a w  m a te r ia l  to  m a k e  so l id  a c id  c a ta ly s ts . P u a  et al. ( 2 0 1 1 )  s y n th e s iz e d  
s o l id  a c id  c a ta ly s t  p re p a re d  f ro m  K ra f t  l ig n in  b y  c h e m ic a l  a c t iv a t io n  w i th  p h o s p h o r ic  
a c id ,  p y ro ly s is ,  a n d  s u lfu r ic  a c id . It w a s  s h o w n  to  b e  u s e fu l  fo r  e s te r i f ic a t io n  a n d
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o n e - s te p  b io d ie s e l  p r o d u c t io n  f ro m  lo w - q u a l i f ie d  o i ls  ( J a t r o p h a  o i l)  d u e  to  its  h ig h  
a c id  d e n s i ty .  A s s e s s m e n t  fo r  i ts  c a ta ly t ic  a c t iv i ty  v ia  e s te r i f ic a t io n  p r o v e d  th a t  it w a s  
h ig h ly  e f f e c t iv e  in  c o n v e r t in g  o le ic  a c id  to  e s te r . T h is  c a ta ly s t  w a s  fu r th e r  
s u c c e s s f u l ly  u s e d  fo r  b io d ie s e l  p r o d u c t io n , w i th  h ig h  y ie ld  (9 6 .3 % )  f ro m  n o n -  
p r e t r e a te d  J a t r o p h a  o il w a s  a c h ie v e d  a t 5 w t%  o f  c a ta ly s t ,  12 0  °c, a n d  m o la r  ra tio  o f  
o il to  m e th a n o l  o f  1 :1 2  w i th in  5 h. B e s id e s  u s e  in  b io d ie s e l  p r o d u c t io n ,  a  lig n in  
d e r iv e d  s o l id  a c id  c a ta ly s t  m a y  f in d  o th e r  a p p l ic a t io n s  a s  a  h e te ro g e n e o u s  g re e n  
c a ta ly s t .

S o l id  a c id  c a ta ly s t  f ro m  g lu c o s e - s ta r c h  m ix tu r e  w a s  
s y n th e s iz e d  b y  C h e n  et al. ( 2 0 1 1 ) .  T h e  s ta r c h  w i th  d i f f e re n t  a m o u n ts  o f  a m y lo p e c t in  
w o u ld  a f fe c t  th e  e s te r i f ic a t io n  a c t iv i ty  o f  o le ic  a c id  w ith  m e th a n o l .  A  c a ta ly s t  w ith  
v e ry  h ig h  a c id  d e n s i ty  a n d  e s te r i f ic a t io n  a c t iv i ty  w a s  o b ta in e d  f ro m  a  m ix tu r e  o f  
g lu c o s e  a n d  c o rn  p o w d e r .  T h e  c a ta ly s t  c o m p o s e d  o f  C S 0.073O 0.541 h a s  b o th  L e w is  a c id  
s i t e s  a n d  B ro n s te d  a c id  s i te s  w h ic h  w a s - c a u s e d  b y  - S O 3H  a n d  - C O O H . U n d e r  th e  
o p t im iz e d  r e a c t io n  c o n d i t io n s ,  c a ta ly s t  fo r  b io d ie s e l  p ro d u c t io n  f ro m  h ig h  F F A  (5 5 .2  
w t % )  w a s te  c o t to n s e e d  o il a f f o r d e d  th e  m e th y l  e s te r  y ie ld  o f  a b o u t  9 0 %  a f te r  12 h.
It c a n  b e  v e r i f ie d  th a t  th e  c a ta ly s t  d e a c t iv a te d  g ra d u a l ly  a f te r  r e c y c le s  u s a g e ,  a n d  
r e g e n e r a t io n  o f  c a ta ly s t  b y  H 2S O 4 t r e a tm e n t w a s  p ro p o s e d .

E m ra n i  a n d  S h a h b a z i  ( 2 0 1 2 )  s tu d ie d  a  s in g le  b io -b a s e d  
c a ta ly s t  f ro m  g lu c o s e ,  s u c r o s e , s tr a rc h , a c t iv a te d  c a rb o n , a n d  a g r ic u l tu ra l  w a s te  fo r  
b io f u e l  a n d  b io d ie s e l .  B io b a s e d  c a ta ly s t  is  n o n - to x ic ,  c h e a p , b a s e d  o n  re n e w a b le  
b io m a s s ,  e n v i r o n m e n ta l ly  f r ie n d ly . M o re o v e r ,  it c a n  u se  w a s te  o il a n d  g re a s e  a s  
f e e d s to c k  e s p e c ia l ly  s u i te d  fo r  t r a p  g re a se  a n d  w a s te  o il c o n ta in in g  w a te r  a n d  fa tty  
a c id s .

S h u  et al. (2 0 0 9 )  s y n th e s iz e d  a  c a r b o n -b a s e d  s o l id  a c id  
c a ta ly s t  fo r  b io d ie s e l  p r o d u c t io n  f ro m  c o t to n s e e d  o il. A  s o l id  a c id  c a ta ly s t  w i th  g o o d  
a c t iv i ty  f o r  t r a n s e s te r i f ic a t io n  h a s  b e e n  p r e p a r e d  b y  s u l f o n a t in g  a  c o m p o s i te  m a te r ia l  
f o r m e d  b y  th e  in c o m p le te  c a r b o n iz a t io n  o f  v e g e ta b le  o il a s p h a l t .  T h e  r e s u l t in g  s tro n g  
s o l id  a c id  c o n s is t s  o f  a  f le x ib le  c a r b o n -b a s e d  f ra m e w o rk  d e c o ra te d  w i th  h ig h ly  
d i s p e r s e d  p o ly c y c l ic  a r o m a tic  h y d r o c a r b o n s  c o n ta in in g  s u l fo n ic  a c id  g r o u p s . T h e  
h ig h  a c t iv i ty  c a n  b e  a s c r ib e d  to  th e  h ig h  a c id  s i te  d e n s i ty ,  lo o s e  i r re g u la r  n e tw o r k  a n d  
la rg e  p o re s  th a t  c a n  p r o v id e  m o r e  a c id  s i te s  fo r  th e  re a c ta n ts .  T h e  s u l fo n a te d
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p o ly c y c l ic  a r o m a tic  h y d r o c a r b o n s  e x e r t  an  e le c t r o n - w i th d r a w in g  fo rc e  to  k e e p  th e  
a c id  s i te  s ta b le .

2 . 5  A n a l y s i s  o f  E s t e r i f i c a t i o n  P r o d u c t s

P o te n tia l  c o n ta m in a n ts  o f  b io d ie s e l  in c lu d e  u n re a c te d  tr ia c y lg ly c e r id e s ,  
r e s id u a l  a lc o h o l ,  a n d  c a ta ly s t  m a y  b e  p r e s e n t  a s  w e ll  a s  in te r m e d ia te  m o n o -  a n d  d i- 
a c y lg ly c e r id e s ,  a n d  g ly c e ro l c o - p r o d u c t .  V a r io u s  m e th o d s  h a v e  b e e n  in v e s t ig a te d  fo r  
a n a ly z in g  b io d ie s e l  a c c o rd in g ly .

G a s  c h r o m a to g r a p h y  ( G C )  is th e  m o s t  c o m m o n ly  u s e d  m e th o d  f o r  d e ta i le d  
a n a ly s is  o f  t r a n s e s te r i f ic a t io n  a n d  b io d ie s e l .  A n a ly s is  o f  r e a c t io n  m ix tu r e s  b y  
c a p i l la ry  G C  d e te r m in in g  e s te r s ,  m o n o - ,  d i- , a n d  t r i - a c y lg ly c e ro ls  w a s  c a r r ie d  o u t in  
o n e  r u n  (F r e e d m a n  et al., 1 9 8 6 ). C v e n g ro s  et al. (1 9 9 4 )  u s e d  G C  to  d e te r m in e  th e  
c o n v e r s io n  o f  T G  to  m e th y l  e s te r s ,  g a v e  a  c o r r e la t io n  b e tw e e n  th e  b o u n d  g ly c e ro l 
c o n te n t  d e te rm in e d  b y  T L C /F I D  a n d  th e  a c y l c o n v e r s io n  d e te r m in e d  b y  G C .

A s  m e n t io n e d  a b o v e , th e  r a w  m a te r ia ls  fo r  b io d ie s e l p ro d u c t io n  a c c o u n t  fo r 
a lm o s t  7 5 %  o f  th e  to ta l  b io d ie s e l  c o s t . T h e  p r o d u c t io n  b io d ie s e l  f ro m  lo w  c o s t  r a w  
m a te r ia ls  w h ic h  g e n e ra l ly  c o n ta in  h ig h  a m o u n ts  o f  f re e  fa t ty  a c id s  is  a  v a lu a b le  
a l t e r n a t iv e  th a t  w o u ld  m a k e  th e i r  p r o d u c t io n  c o s t  m o re  c o m p e t i t iv e  th a n  p e t ro le u m -  
d e r iv e d  fu e l. T h e  b io d ie s e l  p r o d u c t io n  u s in g  s o l id  a c id  c a ta ly s t  d e r iv e d  f ro m  b io m a s s  
v ia  e s te r i f ic a t io n  is v e ry  in te r e s t in g  b e c a u s e  e s te r i f ic a t io n  is le s s  a f f e c te d  b y  th e  
p r e s e n c e  o f  w a te r  a n d  f re e  fa t ty  a c id s  (F F A ). In  a d d i t io n ,  b io m a s s  c a n  b e -u s e d  a s  a c id  
c a ta ly s t  b y  s u l f o n a t io n  re a c t io n .

T h e r e fo re ,  th is  r e s e a rc h  s tu d ie d  th e  b io d ie s e l  p r o d u c t io n  v ia  e s te r i f ic a t io n  
u s in g  a  s o l id  a c id  c a ta ly s t  d e r iv e d  f ro m  l ig n in  in  o r d e r  to  c o n v e r t  f r e e  f a t ty  a c id  
( F F A )  to  b io d ie s e l  a n d  d e te rm in e  th e  o p t im u m  c o n d i t io n s  fo r  b io d ie s e l  p r o d u c t io n  
f ro m  o le ic  a c id . M o re o v e r ,  th e  e f f e c ts  o f  r e a c t io n  t im e , m o la r  r a t io  o f  m e th a n o l  to  
o i l ,  a m o u n t  o f  c a ta ly s t  a n d  r e a c t io n  te m p e ra tu re  o n  th e  b io d ie s e l  y ie ld  w e re  
in v e s t ig a te d .  T h e  p re p a re d  c a ta ly s ts  w e re  c h a r a c te r iz e d  b y  u s in g  m a n y  te c h n iq u e s  
in c lu d in g  F T -IR , S E M - E D S , X R D , B E T , T P D - N H 3 , a n d  t i t r a t io n  m e th o d .
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